2 Changes to the structure and function of neural networks are thought to underlie the 3 evolutionary adaption of animal behaviours. Among the many development phenomena 4 that generate changes, patterned programmed cell death is thought to play a role. For 5 example, apoptotic cell death is the final fate of 40% of neurons in the developing 6 Drosophila central nervous system. Outside the brain, modifications in the patterning of 7 cell death are known to underlie the adaptation of tissue structure and function. However, 8 whether similar modifications also underlie adaptive changes in neural circuitry remains 9 unknown. Here we show that programmed cell death occurs continuously throughout fly 10 neurogenesis, is stereotyped, happens very soon after neurons are born, and is thus a 11 major force sculpting the architecture of neural networks. Blocking cell death permits 12 the emergence of 'undead' neurons which elaborate complex processes into the neuropil 13 and express distinct transmitter phenotypes. Thermogenetic activation of 'undead' 14 neurons drives locomotion, demonstrating that they are functional. In vivo recordings of 15 'undead' neural activity in behaving animals demonstrates their integration into motor 16 networks. Together, these data suggest that the evolutionary modulation of death-based 17 patterning could be used to generate novel network motifs. Consistent with this, a 18 comparative analysis of homologous neuronal populations in flightless dipterans reveals 19 that altered patterns of cell death coincide with the loss of flight. 20 21 22 23 24
Nervous systems are exquisitely adapted to the biomechanical and ecological 25 environments in which they operate, and the modifications of neural network architecture is 26 thought to drive adaptive animal behaviours 1 . Such changes can include the modification of 27 transmitter repertoire, excitability, connectivity, or the number of neurons within specific 28 regions of the CNS. Studies comparing the nervous systems of mammalian species that occupy 29 different ecological niches have revealed differences in the number of cells within homologous 30 brain regions 2 . These differences may have occurred through expansions or reductions of cell 31 populations, by changes in neurogenesis, or in apoptotic programmed cell death (PCD) during 32 development 3 . Most studies of nervous system evolution have focused on stem cell identity 33 and differential proliferation dynamics 4-6 . However, in insects, neural progenitor cells that 34 generate central neurons are highly conserved despite a remarkable diversity of body plans 5 . 35 Therefore, other important mechanisms must drive the diversification of insect nervous 36 systems. Here we describe an extensive role for ancient programs of developmental cell death 37 in the patterning of insect central nervous systems (CNS), from primitive firebrats to the most 38 derived true flies. 39
In insects, the majority of CNS neurons are generated by neural precursor cells called 40 neuroblasts (NBs) 7 . In Drosophila and other holometabolous insects, a first wave of 41 neurogenesis generates the larval nervous system 8, 9 . Following a period of quiescence the NBs 42 reactivate and produce neurons throughout larval life until the early pupal stages. These newly-43 born postembryonic neurons extend simple processes into the neuropil and stall until the pupal-44 adult transition when they grow complex arborisations and synapse with their target cells 10 . 45 Type I NBs bud off a ganglion mother cell (GMC) which undergoes a terminal division to 46 generate 2 neurons with asymmetric cell fates (an A cell and a B cell). When collected together 47 we call these half lineages hemilineage A and hemilineage B (Fig. 1a, b) . Hemilineages act as 48 functional units in adult flies [11] [12] [13] [14] [15] [16] [17] . Previous work has showed that a major fate of postembryonic 49 neurons is PCD (Fig. 1b, c) , affecting approximately 40% of hemilineages 16, 18 and thus plays 50 a major role in patterning networks. 51
Until now it has been difficult to study PCD on a cell by cell basis in vivo, therefore, to 52 interrogate PCD we developed a new genetically encoded probe called SR4VH that reveals 53 effector caspase activity within cells (Fig. 1d) . SR4VH consists of a membrane-bound red 54 fluorescent protein (Src::RFP) and a green fluorescent protein with a strong nuclear signal 55 (Venus::H2B) linked together by four tandem repeats of the amino acid sequence DEVD. 56
When effector caspases cleave the DEVD site, Venus accumulates in the nucleus while RFP 57 remains bound to the cell membrane. Using the neuroblast driver Worniu-GAL4, we could 58 visualize postembryonic NBs and 10-20 of their most recent progeny (due to GAL4 59 perdurance). We confirmed that SR4VH is reliable as a reporter for cell death in wandering 3 rd 60 instar larvae (wL3) by analysing its expression pattern in all lineages of postembryonic neurons 61 in the thoracic ventral nerve cord (VNC). (Fig. 1a, bottom; Extended Data Fig. 1a) . 62
Previously studies of neuronal PCD have largely focused on its role during metamorphic 63 transitions, where it eliminates differentiated neurons at puparium formation 19 and post 64 eclosion in adults 20,21 , both of which are gated by ecdysteroids. In contrast, we found dying 65 cells were associated with lineages in the brain and VNC throughout the whole period of 66 postembryonic neurogenesis ( Fig. 1e , f, g) which lasts for 3.5 days, from mid 2 nd instar (L2) to 67 12h after pupariation ( Fig. 1h) . As previously suggested 16 , the time course of PCD indicates 68 that cells die earlyvery soon after they are bornand often before they have extended a 69 neuritic process. This death is unlike the 'trophic' PCD found in vertebrates, where a neuron 70 would interact with its target cell and die in the absence of appropriate survival signals. In 71 support of an early onset of PCD, we see sequential stages of cell death, dependent on the 72 distance from the NB (Fig. 1i, j, k; Extended data Fig. 1b ). We conclude that PCD can be 73 initiated at any point <5 hours after neuron birth and that this rapid and widespread PCD is a 74 crucial part of patterning. 75
Because PCD selectively eliminates subsets of newly born-neurons in the fruit fly, and 76 the grasshopper 22 , we wondered if this same rapid and early PCD takes place during the 77 development of the CNS in the primitive insect the firebrat Thermobia domestica (Fig. 1l, m) . 78
Using TUNEL labelling we found dying cells close to many NBs in all thoracic neuromeres at 79 50-55% of embryonic development ( Fig. 1n, o, p) . These data suggest that early PCD during 80 neurogenesis may be a universal and ancestral feature that sculpts the nervous system of all 81
insects. 82
The extent of early PCD during development could be a driver of adaptive neural 83 network variation. To probe its potential for modifying neural networks, we asked if blocking 84 PCD in one doomed hemilineage would permit neurons to survive into adulthood, elaborate 85 neurites, and acquire a neurotransmitter identity. In lineage 0 (produced by the medial NB), 86 hemilineage A survives and is made up of Engrailed-positive cells 17 which differentiate into 87 GABAergic interneurons 12 . Using SR4VH, we found that only Engrailed-negative cells die 88 during postembryonic neurogenesis in wL3 larvae ( Fig. 2a) . Because a small number of 89 hemilineage B cells born in the embryo become octopaminergic, we hypothesised that rescue 90 from PCD would generate more octopaminergic neurons in the postembryonic phase of 91 neurogenesis. Using the TDC2-GAL4 octopaminergic neuron driver, we observed a 4 to 9-fold 92 increase in the number of octopaminergic neurons in the thoracic VNC of H99/XR38 adult flies 93 deficient for proapoptotic genes (hid +/-, grim +/-, rpr -/and skl +/-) 18,19 compared with wild-type 94 control animals ( Fig. 2b, c, d, e ). Alongside TDC2-GAL4, 'undead' neurons express the 95 vesicular glutamate transporter, VGlut, ( Fig. 2f, g ) like wild-type neurons 23 . A close inspection 96 of the projection patterns of undead neurons generated using MARCM clones homozygous for 97 the loss-of-function allele dronc ΔA8 (in which PCD is inhibited), revealed that, even though 98 they resemble wild-type neurons in some respects ( Fig. 2h) , undead neurons branch 99 extensively in the neuropil and display variable morphology ( Fig. 2i; Extended data Fig. 2 ). 100
We next asked if undead neurons are functional. To address this, we tested if activating 101 undead neurons with the temperature-gated ion channel TrpA1 in headless adult animals could 102 elicit behaviours ( Fig. 3a, b, c, d; Supplementary Video 1) . In TDC2-GAL4 positive control 103 flies, expressing TrpA1 in wild-type embryonic-born octopaminergic neurons, thermogenetic 104 stimulation drove long bouts of locomotion ( Fig. 3e, f; Supplementary Video 1) . Importantly, 105 UAS-TrpA1 negative controlin the absence of TDC2-GAL4and MARCM control flies -106 without clonesdid not react strongly to temperature elevation ( Fig. 3c, 
e, f; Supplementary 107
Video 1). We found that the activation of undead neurons expressing TrpA1 caused decapitated 108 males to walk ( Fig. 3d , e, f, g; Supplementary Video 1). These data are consistent with the 109 observation that octopamine applied to the exposed anterior notum of decapitated flies causes 110 walking 24 and strongly suggests that undead neurons are functional and capable of releasing 111 neurotransmitters in the CNS. 112
To determine if undead neurons are integrated into pre-existing thoracic circuits, we 113 recorded the activity of mixed undead and wild-type octopaminergic neuron populations 114 expressing GCaMP6san activity reporterand tdTomatoan anatomical fiduciaryin 115 intact H99/XR38 flies during tethered behaviour on a spherical treadmill 25 ( Fig. 4a, b ). We 116 observed conspicuous increases in neural activity during CO2 stimulation-induced walking in 117 both wild-type controls (Extended data Fig. 3 ) and in H99/XR38 flies ( Fig. 4c, d 
, e; 118
Supplementary Video 2, 3). Because undead neurons outnumber their wild-type counterparts 119 by a ratio of 6.5 to 1, we can conclude that both neuronal types are active in H99/XR38 flies. 120
Confirming this, we observed an increase in GCaMP6s fluorescence across all subregions 121 along the width of the primary neurite bundle (Extended data Fig. 4 ; Supplementary Video 122 4). 123
Our observation that undead neurons functionally integrate into the CNS of adult flies 124 strongly supports the possibility that PCD can be leveraged to modify neural circuits over the 125 course of evolution. Similar programs of PCD are evident within the olfactory sensory system 126 of Drosophila where blocking death also results in the integration of new olfactory sensory 127 neurons 26 . To explore this possibility further, we looked for evidence of evolutionary adaptive 128 modifications to PCD. Specifically, we asked whether lineages known to function in flight 129 circuitry might be modified in flightless insects. Using antibodies for Neuroglian, we analysed 130 homologous hemilineages involved in the flight circuits of two flightless dipterans, the swift 131 louse Crataerina pallida ( Fig. 5a ) and the bee louse Braula coeca ( Fig. 5b) . We found that 132 hemilineages 3B, 5B, 6A, 7B, 11B, 12A and 19B are reduced in bee lice, but not in swift lice 133 ( Fig. 5c, d , e, f). In swift lice we labelled octopaminergic neurons from hemilineage 0B using 134 antibodies for tyramine β-hydroxylase 27 and found that, unlike flying dipterans, the swift louse 135 has lost segment-specific variability of cell numbers ( Fig. 5g, h, i) . Typically, there are more 136 octopaminergic neurons in the winged mesothoracic segment in flies 28,29 , likely because they 137 are required for flight initiation and maintenance 30 . In hemilineage 0A we found a considerably 138 larger number of GABAergic neurons ( Fig. 5j ), suggesting that PCD is responsible for the 139 selective elimination of their octopaminergic siblings following GMC division. To establish 140 this, we then looked for evidence that early PCD takes place during the development of the 141 swift louse CNS. The swift louse is viviparous and we found that, similar to the tsetse fly 10 , its 142 neurodevelopment is significantly delayedits nervous system only acquires dipteran larval 143 features many days after pupariation ( Fig. 5k) . Using EdU to label proliferating cells and 144 immunostaining for active Dcp-1 ( Fig. 5k, l, m) , we found dying cells located close to NBs 145 throughout the 24 days of pupal neurogenesis (data not shown). In lineage 0, which is easily 146 identified by its medial position and projection pattern in the neuropil, we found cell death in 147 thoracic segments at all time points examined, from day 4 after pupariation to day 23 ( Fig. 5l , In Drosophila, we found that undead neurons function. It is possible that by blocking 159 PCD we have reawakened ancestral octopaminergic neurons in lineage 0homologous across 160 all insects 34, 35 . Other hemilineages such as 7A may have never existed as mature neurons in 161 the ancestral insect CNS and may have always had a PCD fate. In such cases, it would be 162
interesting to explore what the fate of undead neurons might be and whether they might act as 163 a substrate for evolutionary processes 36 . We have shown that early PCD is adaptive and 164 widespread during neurodevelopment in the CNS of insects, from the primitive firebrats, to 165 true flies. A future challenge will be to elucidate how a given pattern of cell death can be 166 established in such populations and how they can be modified over the course of evolution. 167 168 Acknowledgements 169
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We also thank Matthias Landgraf, David Shepherd and Jon Clarke for reading the manuscript. in EdU 1:1000 in PBS at room temperature for 1-3h on a shaker, rinsed with PBS and fixed in 260 cold buffered formaldehyde 3.6% in PBS for 30min. Samples were then stained using the 261 immunohistochemistry protocol described above. The colour reaction for EdU was carried out 262 as instructed by the vendor after the secondary antibodies were washed out. 263 264
Generation of Undead neuron MARCM clones 265
To induce mitotic clones of undead neurons, rescued from programmed cell death, we used the 266 mosaic analysis with a repressible cell marker technique 44 . 0-4h first instar larvae resulting 267 from crossing females of the genotype hs-flp; ; TubP-GAL80, FRT2A/TM3, Sb with ; TDC2-268 GAL4, UAS-CD8::GFP, UAS-TrpA1; dronc ∆A8 , FRT2A/TM6β, Tb, Hu males were heat-269 shocked at 37°C in a plastic food vial placed in a water bath for either 1h or 45min, followed 270 by 45min at room temperature and a second incubation period at 37°C for 30min. After heat-271 shock, larvae were immediately returned to 23 or 25°C. Cell death was blocked in clones 272 homozygous for the loss-of-function allele of the initiator caspase dronc. Because we used the 273 octopaminergic driver line TDC2-GAL4 to induce the expression of CD8::GFP and TrpA1, we 25°C in a 12h:12h light:dark cycle were anesthetised on ice and decapitated using a pair of 284 micro spring scissors in under 3min. We used males as we found they are more responsive to 285 octopamine release by thermogenetic activation than females (data not shown). The headless 286 flies were brushed back into a food vial placed on its side and left to recover for at least 1 hour. 287
To generate the heat ramp required to thermogenetically activate undead neurons, we used a 288 12V thermoelectric Peltier plate (model: TEC1-12706, size: 40mm x 40mm x 3.6mm) 289 connected to a DC power supply (HY3005D, Rapid Electronics) set at a constant current of 290 0.46A, with a variable voltage, calibrated using an infrared laser thermometer (N92FX, 291 Maplin). These settings generated a temperature ramp which lasted 70s from 22°C to 34°C. 292
Videos were recorded at 25fps using a Sony NEX-5N digital camera (kindly provided by Ian 293 Wynne) mounted to a stereo microscope. A piece of graph paper was used for spatial 294 calibration. To match the presence of undead neurons with behaviour, each decapitated fly used 295 for thermogenetic activation was indexed and prepared for dissection and immunostaining. 296 297
Two-photon calcium imaging in behaving intact flies 298
The method for in vivo two-photon imaging of the VNC in behaving adult Drosophila is 299 described in 25 . Briefly, flies were anesthetised through cooling and then mounted onto custom 300 imaging stages. The dorsal thoracic cuticle was removed and indirect flight muscles were left 301 to degrade over the course of 1h. Subsequently, the proventriculus and salivary glands were 302 resected to gain optical access to the VNC. 303
Horizontal sections of the T1 leg ganglion were imaged using galvo-galvo scanning. For 304 control animals, the bifurcation point of TDC-positive neurites were imaged to circumvent ROI 305 disappearances caused by movement. For animals harbouring undead TDC2-GAL4-positive 306 neurons, the thickest branch of the axonal bifurcation was chosen because they were most 307 likely to contain undead neurites. Image dimensions ranged between 512×512 and 320×320, 308 resulting in 1.6 to 3.4 fps data acquisition. Imaging areas ranged between 92×92 µm and 309 149×149 µm. Laser power was held at ~8 mW. 310 311
Data analysis for 2-photon imaging in behaving Drosophila 312
Python scripts (modified from 25 ) were used to extract ROI fluorescence traces and to compute 313 spherical treadmill ball rotations. Walking epochs were determined by placing a threshold on 314 ball rotations, which were first converted into anterior-posterior (vforward) and medial-lateral 315 (vside) speeds (1 rot s -1 = 31.42 mm s -1 ) and into degrees s −1 (1 rot s −1 = 360° s −1 ) for yaw 316 (vrotation) movements. Thresholds were 0.12 mm, 0.12 mm, and 5 degrees, respectively. Periods 317 below these thresholds were considered 'resting' while other periods were considered 318 'walking'. Fluorescence traces for epochs with the same behavior were aligned by start point 319 to compute average %∆R/R traces for specific actions. 320
To calculate fluorescence traces for small subregions-of-interest across neuritic bundles 321 containing both undead and wild-type neurites, images were registered using an optic flow 322 method described in 25 . This registration served to minimize motion artefacts. Analysis was 323 limited to a period with no warping artefacts and no ROI disappearance. Subregions were 324 manually selected as small circular ROIs across the neuritic bundle of the registered image. 325
Fluorescence values were then computed from each sub-ROI. 326 327
Confocal imaging and image processing 328
Images were acquired using a Zeiss LSM 510 or a Zeiss LSM 800 confocal microscope at a 329 magnification of 20x or 40x with optical sections taken at 1µm intervals. The resulting images 330 were examined and processed using Fiji (https://imagej.net/Fiji). Some images were manually 331 cropped using the Freehand Selection tool to remove debris or to cut out neuronal lineages in 332
; Worniu-GAL4, UAS-SR4VH; samples (Fig. 1c) . h, CD8::GFP expression driven by TDC2-GAL4 in WT and H99/XR38. WT and undead 554 primary neurites project dorsally and branch extensively in the dorsal neuropil. In WT neurons 555 the primary neurite bifurcates at the dorsal midline, while undead neurons are unable to 556
bifurcate and turn to one side (orange arrowheads). In H99/XR38 flies which contain both WT 557 and undead neurons, the primary neurite to one side is thicker (orange arrowhead). Both WT 558 and undead neurons join thoracic nerves (white arrows). Scale bars, 50 µm. thermoelectric plate connected to a DC power supply, exposed to a temperature ramp, and 588
filmed from above using a digital camera. Control, P* = 0.0242 for MARCM control versus undead neurons, P* = 0.0135 for negative 601 control versus undead neurons, Pearson's chi-squared corrected for multiple comparisons using 602 a Bonferroni correction. n = 19 for negative controls, n = 18 for positive controls, n = 22 for 603 MARCM control, n = 17 for undead neurons. n numbers for each group are given below and 604 the number of flies which walked is shown above each bar. 605 g, Quantification of the number of walking undead neuron flies split into 3 anatomical 606 subgroups according to the location of MARCM clones in T1, T2, or T3. P ns = 0.2628, 607
Pearson's chi-squared. n = 6 for T1, n = 4 for T2, n = 7 for T3. Numbers at the base are the 608 number of walking flies. The percentage is shown above each bar. 609 
